Calculations of the energies of the ground-state un-ionized tautomers of hypericin have been performed at the RMP2/6-31G(d) level of theory, using geometries obtained with the 3-21G basis set and Hartree−Fock wave functions. It is found that only the so-called normal form is likely to be populated at room temperature and that only two of the three possible double tautomers correspond to minima on the potential energy surface. The effect of continuum aqueous solvation on the tautomer energies is negligible. The O---O distances between which the proton is transferred are reported and are consistent with that required for an adiabatic proton transfer, i.e., ∼2.5 Å. All 156 vibrational frequencies are tabulated and may be viewed at www.msg.ameslab.gov. For example, the vibrations in the range 320−660 cm-1 are coupled with O---O vibrations. The vibrations that are most clearly O---O vibrations occur in the range 400−500 cm-1. Twisting of the backbone occurs in a wide range of frequencies, from 230 to 1150 cm-1, while the motion corresponding to an inversion of the (nonplanar) backbone occur at very low frequencies, 80−150 cm-1. The results of these calculations are discussed in terms of ground-state heterogeneity of hypericin that has been invoked to explain its spectra and excited-state kinetics.
Introduction
The naturally occurring polycyclic quinone hypericin (Scheme 1) is of current interest because of its light-induced 1 antiviral (especially anti-HIV) and antitumor activity. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In addition, hypericin has attracted attention for its antidepressant activity. [12] [13] [14] [15] The interaction of light with hypericin and hypericin-like chromophores is clearly of fundamental biological importance. To understand and eventually to exploit these properties of hypericin, it is essential to elucidate its nonradiative excitedstate processes. We have undertaken this task using the tools of ultrafast absorption and emission spectroscopy (see refs [16] [17] [18] [19] [20] and citations therein). We have also proposed a means of exploiting the biological activity of hypericin. 21, 22 Hypericin and its analogues have been the subject of several reviews. 22, 25 Our original argument [16] [17] [18] [19] [20] for the presence of intramolecular excited-state proton transfer in hypericin is as follows. The hypericin analogue lacking labile protons, mesonaphthobianthrone, is significantly fluorescent and has optical spectra that resemble those of hypericin only when its carbonyl groups are protonated. In hypericin, the fluorescent state grows in on a time scale of several picoseconds, as measured by the rise time of stimulated emission. Therefore, the combined observations of the requirement of protonated carbonyls for strong hypericinlike fluorescence and the rise time of fluorescence in hypericin were taken as evidence for intramolecular excited-state proton transfer in hypericin. (We use the term "proton transfer" very loosely. Our current knowledge of the excited-state transfer process is not detailed enough to specify whether the process is a proton or an atom transfer.) This argument has consistently been borne out by the study of tetra-and hexamethoxy analogues of hypericin 16, 17, 19 and by the observation of a deuterium isotope effect in the hypericin analogue, hypocrellin. 18 Of special relevance to the role of labile protons for the lightinduced biological activity of hypericin is the observation that hypericin acidifies its surroundings upon light absorption. [26] [27] [28] [29] [30] The role of photogenerated protons takes on additional signifi-* To whom correspondence should be addressed.
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Minima; Two Views Are Shown for the "Normal Isomer" MIN cance in the context of the growing body of literature implicating pH decreases with pharmacologically important functions, such as virucidal activity (optimum pH values are important in the life cycles of many enveloped viruses), 32 antitumor activity, 33, 34 apoptosis (a form of cell death associated with DNA fragmentation and chromatin condensation), [35] [36] [37] and the subcellular distribution of hexokinase. 38 One possible argument against intramolecular excited-state proton transfer in hypericin is the observation of near-mirrorimage symmetry between its absorption and emission spectra. Such symmetry is typically taken as a signature of negligible structural changes between the absorbing and the emitting species. Intramolecular excited-state proton transfer usually generates a broad structureless emission spectrum that bears little resemblance to the absorbance spectrum. 3-Hydroxyflavone provides a good example. 39 There are at least two ways to respond to this objection. It is possible that the structural changes induced by intramolecular proton transfer do not significantly effect the electronic structure of the tautomeric species (Scheme 1) in such a way as to destroy the mirror-image symmetry. It is also possible, as we have argued elsewhere, [16] [17] [18] [19] [20] that the ground state of hypericin is already partially tautomerized or exists in an equilibrium between various isomeric species and that this ground-state heterogeneity yields the observed mirror-image symmetry between absorption and emission spectra.
High-level quantum chemical calculations will have much to offer in understanding these problems. The subject of this article is the ab initio computation of the energies of the groundstate tautomeric forms of hypericin with the goal of determining to what extent they contribute to the ground-state heterogeneity discussed above. Several molecular mechanics studies of hypericin and its derivatives [40] [41] [42] [43] and an ab initio calculation of the normal form of unsolvated hypericin ionized in the bay region have been performed. 44 Density functional calculations of hypericin fragments such as emodin have also been performed. 45, 46 Ours is the first work, to our knowledge, that presents a detailed comparison of the energetics of all of the ground-state hypericin tautomers connected by hydrogen transfers at a reliable ab initio level of theory.
Computational Methods
Initial structures for all minima and transition states were obtained with the semiempirical AM1 47 molecular orbital method. Using these structures as starting points, the geometries were then optimized at the restricted Hartree-Fock (RHF) level of theory, using the 3-21G basis set. 48 At each RHF/3-21G stationary point, the Hessian (matrix of energy second derivatives) was calculated using finite double differencing of the analytic gradients. The Hessian is used to determine the nature of each stationary point (positive definite for a local minimum, one negative eigenvalue for a saddle point) and to provide an estimate of the vibrational frequencies and the vibrational zeropoint energy (ZPE) to be discussed below.
To provide an improved estimate of the energetics, the relative energies of the tautomers and transition states were predicted by performing single-point energies at the 3-21G geometries. These single-point energies were carried out at the RHF level of theory using the 6-31G(d) basis set, 49 denoted RHF/6-31G-(d)//RHF/3-21G, and with second-order perturbation theory (MP2 50 ) using the 3-21G basis set, MP2/3-21G//RHF/3-21G. Assuming the effects of basis set improvement and introduction of electron correlation (MP2) are additive, one can estimate the relative MP2/6-31G(d) energies.
The effects of aqueous solvation on the relative energetics were estimated by using a simple self-consistent reaction field (SCRF) 51 model. Since this model relies on the interaction between the dipole moment of the solute and the dielectric of the solvent (in this case, water), and since the dipole moments of the tautomers are all rather small, the predicted SCRF solvent effects on the relative energies are negligible and are not discussed further.
All calculations discussed here were performed with the electronic structure code GAMESS. 52 
Results and Discussion
Structures and Vibrational Frequencies. A schematic of the minima found on the hypericin potential energy surface (PES) is given in Scheme 1. The only structures investigated in this work are those that are related to the global minimum by a transfer of a hydrogen atom; isomers that correspond to -OH or -CH 3 rotations were not explored. In Scheme 1 the global minimum is shown in two perspectives, to emphasize the nonplanar overall structure. This distortion from planarity is caused by interactions between the pendent -OH and -CH 3 groups. RHF/3-21G geometry optimization of the structure with these four groups removed leads to a planar minimum. On the other hand, optimization with the two OH groups restored but in C 2V symmetry to maintain planarity of the aromatic backbone is not a minimum on the PES, nor is the full C s hypericin structure with the planar backbone.
The global minimum (traditionally referred to as the "normal" species) on the hypericin PES has C 2 symmetry. There are two tautomers (M1 and M2 for mono) that arise from the transfer of one hydrogen and two additional tautomers (D1 and D2 for duo or double) that arise from a double H transfer. A third double transfer structure is possible, in which at the "top" of the molecule an H is transferred from a hydroxyl group nearest to the bay hydroxyls and at the "bottom", from a hydroxyl group nearest to the bay methyl groups. But this tautomer, D3, does not correspond to a stationary point on the PES at the RHF/3-21G level of theory.
The essential features of the geometries of the minima and identified transition states are shown in Figures 1-4 . The two hydrogen bonds in the global minimum are similar, with O---H distances just under 1.7 Å. These clearly correspond to the interaction of hydroxy hydrogens with one of the carbonyl lone pairs. When one of the hydrogens is transferred to the central carbonyl oxygen to form M1 or M2 (Figure 2) , the terminal dO---H interaction increases considerably, as is evidenced by the large (nearly 0.2 Å) decrease in the hydrogen bond distance to about 1.5 Å. At the same time, the O---O distance decreases by nearly 0.1 Å. On the other hand, the -O---H interaction is weaker than the dO---H hydrogen bond (note the increase in the hydrogen bond distance), since the hydroxy oxygen lone pairs are not lined up as well as those of the carbonyl oxygen. The O---O distances between which the proton is transferred are reported and are consistent with that required for an adiabatic proton transfer, i.e., ∼2.5 Å. 18, 20, 58 The transition states (TS1 and TS2) that connect the global minimum with M1 and M2 are shown in Figure 3 . Both transition states are characterized by a compressed structure on the side of the molecule in which the transfer is occurring. This phenomenon has been noted for other hydrogen transfer reactions 53, 54 and serves to minimize the energy of the transition states. The geometries of the double H transfer tautomers, D1 and D2, are shown in Figure 4 . Both of these structures have C 2 symmetry, and their overall characteristics are similar to those discussed for M1 and M2.
Hypericin has 54 atoms and therefore 156 vibrational frequencies. Rather than try to list these frequencies for all tautomers, they are summarized here in qualitative terms for the global minimum. The reader is referred to the web site www.msg.ameslab.gov to view animations of all frequencies. Recall that harmonic vibrational frequencies calculated at this level of theory are typically about 10% too high. The highest calculated frequencies, in the range 3500-3930 cm -1 , correspond to O-H stretches, while the C-H stretches are in the 3200-3400 cm -1 range. A large number of frequencies in the range 1500-1750 cm -1 may be characterized as backbone breathing + CdO stretching motions. There are several other frequencies in the same range that correspond to backbone breathing motions, some of which are coupled with distortions of the methyl groups or the pendent OH groups.
A large number of vibrations may be characterized as internal bending and stretching in the backbone of the molecule. These are in the range 320-1500 cm -1 . The vibrations in the low end of this range (320-660 cm -1 ) are coupled with O---O vibrations. The vibrations that are most clearly O---O vibrations occur in the range 400-500 cm -1 . Twisting of the backbone occurs in a wide range of frequencies, from 230 to 1150 cm -1 , while the motion corresponding to an inversion of the (nonplanar) backbone occur at very low frequencies, 80-150 cm -1 . After reducing the predicted vibrational frequencies by 10%, these predicted vibrational frequencies are consistent with two recent experimental SERRS studies. 59, 60 These studies find strong features in the 1250-1400 cm -1 range corresponding to in-plane motions and in the 310-630 cm -1 range corresponding to out-of-plane motions. 60 Energetics. The relative energies for the minima and transition states are summarized in Table 1 and Scheme 2. Improving the basis set from 3-21G to 6-31G(d) increases the energies relative to the global minimum, but the addition of corrections for electron correlation via MP2 decreases the relative energies. The net effect is to decrease all of the relative energies by a few kcal/mol. M1 and M2 are predicted to be within 10 kcal/mol of the global minimum, but the reverse barriers are very small, on the order of 1 kcal/mol, so it is unlikely that these tautomers would be present except at low temperatures. The two double hydrogen transfer tautomers, D1 and D2, are considerably higher in energy than these transition states, so no attempt was made to identify transition states connecting them with the other structures.
As noted earlier, the C s structure, in which the backbone is forced to be planar, is not a minimum on the potential energy surface, due to the repulsive methyl-methyl and OH-OH interactions. At the RHF/3-21G level of theory, the relative energy of this species is rather high, 48 kcal/mol above the global minimum and therefore 28 kcal/mol above the highest energy tautomer, D2. While improved basis sets and correlation corrections will certainly modify these values, it is likely that the conclusion that the planar structure is rather unstable will not change. This is of some interest, since in solution it is possible that deprotonation might occur, potentially reducing the symmetry from C 2 in the neutral to C 1 . This raises the possibility that two structural isomers might exist, separated by a very large inversion barrier with a planar backbone.
Conclusions
The most important result of the calculations reported here is that at room temperature only the normal tautomeric form of hypericin is significantly populated in the ground state, although it is possible that other tautomers could be stabilized by particular solvents. This is consistent with earlier molecular mechanics calculations. 40 As noted in the Introduction, we have invoked a ground-state equilibrium between tautomeric or isomeric forms of hypericin, and its analogue hypocrellin, to rationalize the mirror-image symmetry between their absorption and emission spectra and the differences between their respective excited-state kinetics. The existence of such heterogeneity is supported by the observation of dependence of the excited-state kinetics of hypericin with respect to excitation or emission wavelength, 16, 17, 19, 20 as well as that of its continuous absorption spectrum from the ultraviolet to the visible.
The absence of stable ground-state tautomeric forms in equilibrium with the normal form leads us to look elsewhere for the origin of the ground-state heterogeneity. In this light, we recall that the hypericin skeleton is twisted (Scheme 1).
As noted earlier, the C s structure, in which the backbone is forced to be planar, is not a minimum on the potential energy surface, due to the repulsive methyl-methyl and OH-OH interactions in the bay regions. It has been argued that the bay hydroxyl groups have a pK a either of 1-2 55,57 or of 7. 56 If a bay hydroxyl is deprotonated in the ground state and if the solvent prevents it from cyclizing with its un-ionized partner, then it is possible that two structural isomers might exist, separated by a very large inversion barrier. (Future calculations addressing the ionized species will need to include discrete solvent molecules in order to account for specific solute-solvent interactions.)
On the basis of the results presented here, for un-ionized tautomers at the RMP2/3-21G level of theory, we conclude that the notion of ground-state heterogeneity is still valid for rationalizing the spectra and the excited-state kinetics of hypericin but that this heterogeneity must find its origin in the deprotonation of the bay hydroxyl groups.
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